Roles of local He concentration and Si sample orientation on cavity growth in amorphous silicon
(111)-and (100)-oriented Si samples are implanted with Si + ions at 1 MeV to a dose of 1×10 16 cm -2 and with 5×10 16 He + cm -2 at 10 keV or 50 keV and eventually annealed in the 800 °C-1000 °C temperature range. Sample characterization is carried out by cross section transmission electron microscopy, positron annihilation spectroscopy, and nuclear reaction analysis. In addition to the formation of He bubbles at the projected range of He, bubbles are observed after solid phase epitaxial growth (SPEG) of the embedded amorphous Si layer. The He threshold concentration required to get thermally stable bubbles in amorphised Si is between one and four orders of magnitude lower than in c-Si. Since bubble formation and growth take place in the a-Si phase, the interaction with SPEG during annealing is studied by considering (100) and (111) Si. Both the SPEG velocity and the resulting defects play a role on bubble spatial distribution and size, resulting in bigger bubbles in (111) Si with respect to (100) Si.
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Introduction
Cavities can be formed in crystalline Si (c-Si) after gas ion implantation, provided that a local threshold concentration of gas is reached, that is He lim =3.5×10 20 cm -3 in the case of He [1] . The role of He threshold concentration in vacancy (V) rich areas has still to be addressed: it can indicate either that the early stage of cavity formation results from He precipitation, or that the ratio between V and He levels, both depending on He + implantation dose, flux [2] and temperature, is a major parameter for helium-vacancy cluster (He n V m ) evolution [3, 4] .
Bubble/cavity evolution upon classic thermal treatments has been intensively studied. Crucial phenomena, i.e. He desorption [5] and transition of He-related defects from platelets to bubbles/cavities [6] , occur during annealing at temperatures between 400°C and 600°C. In multi He + implanted samples in the keV range the cavity size starts changing at 700°C [7] until an equilibrium distribution is reached at 800°C-900°C [6] . A more recent model [8] predicts 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y   3 formation of nano-sized voids during rapid thermal processes in as grown Si wafers. It accounts for high temperature cluster configurational entropy which lowers the free energy of V cluster formation, leading to lower super saturation thresholds for V aggregation and more rapid aggregation kinetics.
Experimental evidence of nano-sized voids between R p (He) and the sample surface is given in [9, 10, 11] . They anneal out at temperatures higher than 800°C-900°C. V aggregation in thermally unstable clusters takes place even after high dose Si + or F + ion implantation without the stabilization of He [12, 13] .
Even less is known about cavity formation and evolution in amorphous silicon (a-Si), since Si recrystallization by solid phase epitaxial growth (SPEG) occurs at 500 °C, which is in the temperature range of cavity growth. In particular, the local He threshold concentration to form cavities in a-Si is not determined yet. It is known that in the absence of He, SPEG of a-Si layers in cSi proceeds by the movement of the a-Si/c-Si interface inside the a-Si phase, with the crystalline layer acting as a template for reassembling of Si-Si bounds [14, 15, 16] . The presence of gas and bubbles is thought either to increase the probability of bonding mistakes, leading to SPEG in the polycrystalline form (p-Si) [17] , or to act as nucleation site for microtwins, which in turn are responsible for p-Si growth [14] .
In this work, the generation of bubble/cavities in (100) and (111) Si amorphized by Si + implantation is checked as a function of the position of the He + implantation peak with respect to the amorphous layer. bubbles/cavities at R p (Si) to be observed after high temperature annealing.
Experimental
Bubble/cavity formation near R p (Si) is the main concern of this study, since there, He concentration must be much lower than He lim to form cavities in c-Si, as in a zone corresponding to intersections between He profiles before and after annealing.
PAS spectra carried out in III and III-1000, together with a He + implanted sample, II-800, are shown in Figures 3a and 3b . An increase of the shape S(E) signal with respect to the virgin reference wafer is detected in all cases, indicating the presence of vacancy-type defects. As shown in Figure 3b , while sample III displays a quasi-homogenous shape S(E) signal, two peaks are detected in sample III-1000.
They are located at 8 keV and 10 keV positron energy, corresponding to about 400 nm and 700 nm in sample depth. In the reference sample, solely implanted with 50 keV He + , only one peak is detected near the surface (Figure 3a) . The slight Figure 3c , reporting the measured annihilation probability S as a function of the wing probability (W)
parameter together with the trap signatures of V 2 and cavities, solely V 2 are detected in as-implanted sample (III), whereas sample III-1000 only contains cavities, demonstrating that the second peak is linked to cavities as well.
Discussion
Two bands of cavities are detected by XTEM, both at R p (He) and R p (Si), whatever the surface orientation, providing that R p (He) is the closer to R p (Si). On the ground of NRA measurements, cavities turn out to be bubbles, i.e. filled with He.
Comparison between PAS spectra obtained on double-implanted samples and He + implanted samples indicates that the layer of bubbles at R p (Si) is induced by Si + ion implantation defects, likely stabilized by He. Indeed, PAS measurements carried out on III-1000 (Figure 3b) , reveal a pair of peaks in the spectrum which can be attributed to the bubble layer at R p (He) and to the p-Si layer containing many types of defects including bigger bubbles, whereas single He + implantation (sample II-800, Figure 3a) produces only one peak located at about 400 nm in depth, related to cavities at R p (He). According to NRA measurements on Si + and 3 He + implanted wafer ( Figure   2 ), He threshold concentration to form cavities in a-Si is speculated to be far lower than the one required in c-Si, which is reasonable, considering the higher stability of Vs in a-Si with respect to c-Si, and in agreement with Gandy [14] . It is worth noting that in the c-Si layer (samples V-800, V-900 and V-1000, not shown) bubbles are detected only at R p (He). This suggests that either the Si + implantation defects or the stability of Vs in the a-Si phase (or both) helps bubble formation at R p (Si). By considering Figure 1 , it is striking that crystal orientation of the a-Si/c-Si interface plays a role on bubble size. Indeed, it is known [20, 14] that microtwins are formed during SPEG of {111} a-Si/c-Si interfaces only. Thus, grain boundaries can trap Is, which hinders I-V recombination intra grains. The consequence of the formation and the presence of these "V protection walls" is the formation of much bigger bubbles in (111)-oriented samples with respect to (100) ones. Nevertheless, whatever the crystal orientation, bubbles increase in size towards the sample depth.
This, together with the bigger bubble size observed in (111) Si, in which SPEG proceeds at lower speed [20] , indicates that bubble formation and growth occur in aSi, as bubble size is proportional to the time spent by the bubble in the a-Si phase.
Furthermore, a higher amount of vacancies is likely available for bubble growth near the middle of the SPEG region, since Vs are dragged there by the moving a-Si/c-Si interfaces, in order to stay in the amorphous phase, so that deeper cavities are bigger.
The importance of I trapping at microtwins is confirmed by considering that thermally unstable nanovoid formation in highly damaged amorphised (111) Si takes place even without He [12] . Conversely, XTEM observations of (100) samples that underwent the same processes except an additional shallow He + implantation (V-800),
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